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M. Heise∗1, U. Kru¨ger2, R. Pfitzmann1, P. Neuhaus1, H. Scholz2 and U. Settmacher1
1Humboldt-University Berlin, Department of Surgery, Charite´, Augustenburger Platz 1, 13353 Berlin, Germany, and
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Objectives: to evaluate the influence of intraoperative arterial prostaglandin E1 (alprostadil) infusion on hydraulic
impedance in relation to graft patency.
Methods: hydraulic impedance was measured in 115 infrainguinal bypasses by means of the extracorporeal-bypass-flow
method (EBF). Fifty-eight femoro-popliteal and 57 femoro-crural polytetrafluoroethylene (PTFE) grafts were included.
10 g of alprostadil were administered into a temporary bypass and the haemodynamic changes were recorded. The
reactions of input (Zx) and characteristic (Z0) impedances as well as phase relations were derived and related to graft
outcome after three years.
Results: significant changes after administration of prostaglandin were observed for overall pressure (74 vs 84 mmHg,
p<0.01), flow rate (194 vs 160 ml/min, p<0.01), input impedance (0.55 vs 0.75 PRU, p<0.01) and the phase angle of
the first harmonic (−18° vs −26°, p<0.01). An increase of at least one degree of the first harmonic phase angle following
alprostadil injection in the crural bypass group was associated with a significant better graft prognosis of crural (p<0.01)
but not popliteal grafts. Primary and secondary patency rates after three years for crural grafts with an increase of at
least one degree were 62% and 63% (n=45) and for non-responders 18% and 0% (n=12, pprim<0.01, psec<0.001). All
crural bypasses with poor prostaglandin reaction occluded within 9 months (n=12) after the operation.
Conclusions: the EBF method allows a combined assessment of peripheral resistance and impedance parameters. The
response of the first harmonic phase angle provides important predictive information regarding femoro-crural grafts.
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Introduction We therefore investigated the influence of a prosta-
glandin E1 induced vasodilation and its relationship
The outcome of infrainguinal bypasses is influenced by to graft patency.
surgical competence, the conduit inflow and outflow,
anticoagulation drugs and graft surveillance.1–5 One of
the parameters with a proven influence to graft patency
is hydraulic impedance which describes the pulsatile
Material and Methodsresistance to blood flow in contrast to steady flow
resistance which equals peripheral resistance.6–8
PatientsAscer introduced the intraoperative measurement
of outflow resistance,4,9–11 but the relationship between
Between February 1994 and June 1998 hydraulicperipheral resistance and early and late patency is
impedance was measured before and after arterialinconsistent.1,11–14 The use of a temporary bypass sys-
prostaglandin injection during 115 infrainguinal re-tem allows measurement of hydraulic impedance.6,7
constructions in 114 patients. There were 42 females(Fig. 1). The influence of vasoactive agents on im-
and 72 males, of mean 67 (range 40 to 92) years. Thepedance can also be studied.24
indications for surgery were claudication (49 patientsProstanoids have potent vasodilating properties.15–18
(43%)), ischaemic rest pain in (36 patients (31%)) and
gangrene in (30 patients (26%)). There were 58 femoro-
popliteal and 57 femoro-crural bypasses (Table 1).
∗ Please address all correspondence to: M. Heise, Humboldt- 6 mm expanded polytetrafluoroethylene (ePTFE)University Berlin, Department of Surgery (Allgemeinchirurgie),
Augustenburger Platz 1, 13353 Berlin (Germany). grafts were used for the femoro-popliteal bypasses
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Fig. 1. Diagram of the used method for intraoperative measurement of hydraulic impedance during femoro-infrainguinal reconstructions.
A silastic tubing is temporary inserted and flow and pressure waves simultaneously recorded by means of integrated probes. 10 g of
prostaglandin E1 (PGE1) were injected into the tube and the resulting haemodynamic changes measured. PP=pressure connector, PF=
flow probe.
and 5 mm grafts for all femoro-crural grafts. The latter tubing (internal diameter 10 mm, Ru¨sch, Kernen, Ger-
were distally shaped as a patch prosthesis.19,20 many), to provide an undisturbed blood flow from
Of the 58 femoro-popliteal bypasses, 41 (71%) were the donor to the recipient vessels. For standardization
above knee, and 17 (29%) below knee. Of the 57 the flowmeter probe (Cliniflow II, Carolina Medical
femoro-crural bypasses, 27 (47%) were to the anterior Electronics, King, U.S.A.) and the stopcock for the
tibial, 26 (46%) to the posterior tibial and 4 (7%) to the pressure transducer (Transpac IV, Abbott Laboratories,
peroneal artery. The patients were entered into a graft Morgan Hill, U.S.A.) were integrated into the distal
surveillance program which consisted of follow-up portion of the temporary bypass system at a distance
examinations at 6, 12, 24 and 36 months after operation. of 15 cm to the distal cannulas. This setting allowed a
All patients received phenprocoumon. Patency was simultaneous registration of pulsatile pressure and
determined by means of duplex sonography. In case flow waves at virtually the same site of the circulation.
of graft occlusion a thrombectomy was performed. Following evacuation of air bubbles basic data sets
The study was carried out in accordance with the were obtained for total runoff. Then 10 g of Al-
requirements of our Institutional Review Board for prostadil (Prostavasin, Schwarz Pharma AG,
Human Research. Monheim, Germany) were injected into the temporary
bypass system during a time interval of 2 min to
produce a potent vasodilation and the resulting
changes in blood flow and pressure were recorded forIntraoperative measurement of impedance
an additional 5 min.
Flow and pressure waveforms were simultaneouslyIntraoperative measurement of impedance was ac-
sampled at a rate of 100 s. Steady flow resistance wascomplished by means of the extracorporeal-bypass-
computed and displayed online to control the bypassflow method (EBF).6 A silicon tube was temporarily
flow. For calculation of impedance values five con-inserted between the exposed vessels prior to im-
secutive heart beats of each data set were subjected toplantation of the graft (Fig. 1). Proximally the common
a Fast Fourier transformation (FFT). The start andfemoral artery was cannulated with a Harvey-Cannula
finish of each cardiac cycle were selected from the(Bard Corp., Tewksbury, U.S.A.). For femoro-popliteal
flow waveform by means of a signal analysis softwaregrafts the supra- or infragenual superficial femoral
(Famos, IMC, Berlin, Germany). The software de-artery was cannulated with smaller Harvey-Cannulas.
termined the simultaneous recorded pressure waveThe crural arteries were attached to the bypass system
and calculated the impedance parameters. Althoughby means of tapered vessel tips (IMB, Berlin, Ger-
many). The cannulas were connected to a large silastic real time software FFT algorithms were applicable, we
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decided to perform a step-by-step evaluation for the
highest precision. The extra time required for the step-
by-step evaluation was approximately five minutes.
Finally the silastic bypass was removed, the PTFE
graft inserted and the anastomoses completed.
By applying a FFT algorithm to the recorded wave-
forms the components of impedance could be ex-
tracted. The FFT technique allows the description of
mathematically complex waveforms, like flow and
pressure waves, as a series of sine waves, which are
easier to handle. Each sine wave can be characterized
with magnitude (modulus) and phase information and
plotted as function of harmonics of the heart beat.
Pressure and flow waves were each resolved into a
mean value and a series of harmonics. The components
of impedance, which were examined in the presented
paper comprised input and characteristic impedances
as well as phase angles.8,21
Input impedance (peripheral resistance)
The input impedance curve (Zx) was calculated from
the ratio of pressure and flow magnitudes at each
harmonic. Input impedance was defined as the quo-
tient of mean pressure and mean flow and was equi-
valent to peripheral resistance.7 It is influenced by
local properties of the distal arteries but depends also
on wave reflections from distal sites.8,21,22
Characteristic impedance
Characteristic impedance (Z0) describes the re-
lationship of the pulsatile pressure and flow ratio in
the absence of reflected waves. It cannot be measured
directly and must be estimated by averaging the higher
impedance moduli.7,23 Z0 varies directly with the elastic
properties of the studied artery and inversely with
the diameter.7,8,21,24 Taking into consideration that the
higher harmonics are not influenced by wave re-
flections, than only minor changes of the characteristic
impedance values are to be expected following max-
imal vasodilation after prostaglandin injection.
Phase angles
In a non-pulsatile circulation both pressure and flow
curves appear with identical shapes and no delay
between the individual curves. In a pulsatile cir-
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culation wave reflections from distal branches lead to
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Fig. 2. Flow and pressure waves were decomposed into constituent
sine waves, which repeat themselves at intervals of 360°. The
amplitude of each sine wave is called its modulus and the timing
of each wave in relation to others is termed its phase angle. The
difference of corresponding phase angles is called the phase shift.
The extent of the phase lag depends on pulsatile resistance and is
associated with graft prognosis.
a time lag (out-of-phase relationship) between the
curves and to a deformation of the individual flow
and pressure curves. The delay between the curves
(phase shift) is measured by subtracting the phase
angles of the corresponding pressure and flow har-
monics (Fig. 2). The first two harmonics phase angles,
which represent the major portion of the flow and
pressure waveform, are particularly important with
regard to clinical aspects. They have proved to be very
sensitive to application of vasoactive drugs and could
serve as a reliable predictor for graft patency.6,8,25 The
reaction to vasoactive drugs was studied in a number
of cases, where vasodilation led to a decrease of the first
angles, while vasoconstriction produced a significant
Fig. 3. Changes of pressure and flowrate after intraarterial ad-
increase.8,21,24 The relation of the phase angles to graft ministration of 10 g alprostadil during femoro-disal reconstriction.
Due to the resulting vasodilation the flowrates increased, while thepatency was examined in a previous study, where
pressures decreased. Data are expressed as mean values±SEM,the angle of the first harmonic provided a highly
n.s.=not significant.
significant association to PTFE graft survival. Un-
derneath a cutoff angle of 40° a bypass failure did
occur in 100% of the affected cases within 16 months. their association with graft patency. Factors that had
Other examined variables like steady flow resistance a significant effect (p<0.05) were entered into a Cox
and characteristic impedance, however, failed as prog- multivariate model using stepwise backward re-
nostic discriminators. gression. Cumulative primary and secondary pat-
In the presented paper the relation of the impedance encies were analyzed by the Kaplan–Meier method and
parameters response to the application of the highly log rank test. p-values less than 0.05 were considered
potent vasoactive prostaglandin E1 to graft patency significant.
was investigated. A positive prostaglandin reaction
was defined as an increase of blood flow of at least
20 ml/min or an increase of the first phase angle of at
Resultsleast 1°.
Haemodynamic and impedance parameters
The results of the haemodynamic measurements andStatistics
impedance calculations are given in Table 1. PGE1
induced vasodilation resulted in a significant increaseAll data are represented as mean±SEM. Input im-
pedance values are expressed as mmHg/ml/min of blood flow and phase angles, while peripheral
resistance and pressure decreased. The characteristic(PRU, peripheral resistance unit). The Wilcoxon test
for paired samples was used to compare the groups impedance values remained at their pre PGE1 levels.
A positive PGE1 reaction in terms of flow increasebefore and after application of PGE1. An univariate
analysis was performed to examine the variables for was seen in the popliteal group in 32 patients (55%)
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Fig. 6. Comparison of overall secondary graft patency for femoro-
popliteal and femoro-crural bypasses.
Fig. 4. Changes of input and characteristic impedances as a response
to intraarterial alprostadil injection. Input impedance equals peri-
pheral resistance and decreased significantly while characteristic
impedance showed no change after the injection. Data are expressed
as mean values±SEM, n.s.=not significant.
Fig. 7. Comparison of secondary graft patency for femoro-crural
bypasses based on the response to intraarterial prostaglandin E1
injection. All non-responding grafts occluded within 9 months.
The results of the univariate analysis showed a
significant association of the crural resting phase angle
(p=0.03) and the angle after PGE1 application
(p<0.001), as well as the peripheral resistance (PR)
value in the crural group after prostaglandin (p=0.01).
In the multivariate analysis only the phase angles
remained significant while the PR variable was re-
moved from the predicting model.
Primary and secondary patency rates
Fig. 5. The responses of the first impedance phase angles to al-
prostadil application. The vasodilation led to a significant increase.
Overall primary and secondary patency rates afterAn increase of at least 1° was considered as a positive response.
Data are expressed as mean values±SEM. three years were 49 % and 61% for femoro-popliteal
and 53% and 58% for crural grafts (Fig. 6). The patients
were subgrouped according to their response to PGE1and in terms of angle increment in 40 cases (69%). In
the crural group 29 patients (51%) showed a positive application and an increase of at least 1° was defined
as a positive response. Primary and secondary (Fig. 7)flow reaction and 46 patients (81%) a positive angle
shift of at least 1°. patency rates at 36 months for responders were 51%
Eur J Vasc Endovasc Surg Vol 22, September 2001
M. Heise et al.224
and 61% for femoro-popliteal and 62% and 63% for change following injection. This is a confirmation of
the entire concept of impedance since characteristicfemoro-crural grafts, while primary and secondary
patency rates for non-responders were 21% and 40% impedance describes a pipe without wave reflections
present, which would be reduced due to prostaglandinfor femoro-popliteal (p=0.61), and 18% and 0% for
femoro-crural grafts (p=0.001). Statistically significant induced vasodilation. This finding is supported
by many investigators who observed no change ofdifferences were found only in the femoro-crural by-
pass group for an increase of at least 1° following aortic characteristic impedance on administration of
vasoconstrictors (norepinephrine, angiotensin) oralprostadil administration. All crural bypasses with no
change of the phase lag after prostaglandin application vasodilators (isoproterenol, nitroprusside or acetyl-
choline).24,30 It also validates the chosen range of theoccluded within 9 months (n=12). The remaining
parameters like blood flow, pressure, resistance and 3rd to 9th harmonic for the estimation of characteristic
impedance.characteristic impedance as well as their reaction to
PGE infusion were statistically not significant as- The response of the phase angles to the PGE1 stress
test, however, correlated very well with graft patency.sociated with graft outcome after three years. During
the follow-up interval 15 patients died and 8 patients A remarkably small increase of at least 1° of the first
phase angle, which corresponds to a small approachwere lost to follow-up. The rate of major amputations
was 5% (n=7). of flow and pressure curve, was associated with a
significant better patency of crural reconstructions.
Low resting phase angles imply a large phase shift
between the flow and pressure curve indicating a high
Discussion pulsatile resistance of the runoff bed. In a previous
study, all grafts exceeding a cutoff value of−40°were
Although the concept of hydraulic impedance was occluded within 16 months.6 In the presented study,
introduced four decades ago by Womersley and Taylor, all grafts to runoff vessels which were not able to
routine clinical application was not possible until re- respond to PGE1 with a phase lag reduction of at least
cently.26,27 The so-called extracorporeal-bypass-flow 1° failed within 9 months. Hence the result of PGE1
method (EBF) uses a temporary inserted silastic tubing stress test entails an important improvement of the
which included probes for pressure and flow measure- ‘‘patency forecast’’ of the resting phase shift, since
ment.6 Therefore flow and pressure waves could be the PGE1 induced vasodilation is independent of the
obtained at the same site of the vasculature which is a resting phase angles level.
precondition for calculation of impedance parameters. Although the patencies for femoro-popliteal re-
Among the several parameters, which are integrated sponders and non-responders varied considerably, the
into the concept of impedance, only the phase relations difference was statistically not significant, perhaps due
have so far proved a significant correlation to graft to the small sample size.
patency of both femoro-popliteal and crural PTFE- The reason, why considerable changes of flow, pres-
bypasses. The phase lag describes the delay between sure and input impedance did not provide significant
flow and pressure curves and is one of the major results, whereas small phase changes do, remains spec-
components of pulsatile resistance. In previous studies ulative. We hypothesized that the phase lag is par-
O’Rourke demonstrated the response of the impedance ticularly reduced, if besides the vasodilation,
parameters to vasoactive drugs in dogs, particularly additional collateral vessels were opened following
the phase shift.21,24 Vasoconstriction led to an increase PGE1 injection. This is supported by the finding that
in the phase lag, while dilation resulted in a decrease. prostaglandin E1 predominantly acts on collateral ves-
The effect of vasoactive drugs has not previously been sels.32,33 Dilation of the larger vessels could explain the
studied in humans.15,18 behavior of the remaining haemodynamic variables
The standard haemodynamic values like flow, pres- thoroughly.
sure and steady flow resistance behaved as expected We found the first angle to be a very reliable variable,
after vasodilation.28,29 If a positive reaction was ob- which is reassuring, since the higher harmonic phase
served, pressure as well as resistance decreased angles are extremely vulnerable to mathematical
whereas flowrate increased. However, neither pres- errors.
sure, nor the flow reaction itself, nor the extent of The first impedance phase angle describes the time
reduction of peripheral resistance showed a significant delay between both waves, with the flow wave fore-
association with graft patency. The value of char- running the pressure wave (Fig. 2).8 The resulting
acteristic impedance, which represents to some extent distance depends primarily on compliance and inert-
ance of the downstream vessels. Input impedance onthe elastic properties of the larger arteries, did not
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